The trfA gene, encoding the essential replication initiation protein of the broad-host-range plasmid RK2, possesses an in-frame overlapping arrangement. This results in the production of TrfA proteins of 33 and 44 kDa, respectively. Utilizing deletion and site-specffic mutagenesis to alter the trfA operon, we compared the replication of an RK2-origin plasmid in several distantly related gram-negative bacteria when supported by both or small reduction in copy number and P-lactamase expression resulted in E. coli, suggesting that overlapping trfA genes also enhance the efficiency of replication of the intact RK2 plasmid.
RK2 (identical to or indistinguishable from RP1, RP4, R18, and R68) is a 60-kb self-transmissible plasmid belonging to the incompatibility group IncP (39), a group notable for its extremely broad host range. IncP plasmids are capable of replication and maintenance in nearly all gram-negative bacteria, with the known exceptions of Bacteroides and Myxococcus species (7, 16) , and possess an even broader host range for conjugal transfer including gram-positive bacteria (40) and Saccharomyces cerevisiae (17) . Thus, these plasmids are of considerable interest both as cloning vehicles and as potential vectors for disseminating genetic information among diverse species.
Like many other plasmids, RK2 encodes its own replication initiation protein (TrfA, or trans-acting replication function) which is likely to bind to its vegetative origin of replication (oriV) as an essential step in the initiation of plasmid DNA replication. The trfA gene possesses an inframe overlapping arrangement due to the presence of two translational start sites within a single open reading frame (34) . An additional upstream reading frame is also driven by the trfA promoter, as shown in Fig. 1 . The trfA gene therefore encodes predicted protein products of 33 and 44 kDa, sharing a common carboxy terminus. Analyses both in maxicells (20, 32) and under normal in vivo conditions (12) demonstrate that both of these protein products are synthesized.
Durland and Helinski (11) have used Bal 31 nuclease to delete the proximal sequences encoding the 44-kDa TrfA protein, so that only the 33-kDa protein is produced. In a minireplicon derivative of RK2, the 33-kDa TrfA protein (designated TrfA-33) was capable of supporting plasmid replication in Escherichia coli and to a variable extent in four other bacterial hosts but functioned poorly in Pseudomonas aeruginosa. When compared with replicons encoding both TrfA proteins, the TrfA-33 constructs were less stable in five of the six hosts studied, with the exception of Azotobacter vinelandii. Shingler and Thomas (33) confirmed host-specific requirements for TrfA-44 in P. aeruginosa and to a lesser extent in Pseudomonas putida, using nonpolar insertion mutations to abolish the production of TrfA-44. It was, therefore, suggested that the in-frame gene overlap of trfA is an adaptive mechanism contributing to RK2's broad host range. However, because the coding sequence for TrfA-33 is completely contained within the sequence encoding TrfA-44, no constructs encoding only TrfA-44 could be created by deletion or insertion mutagenesis. Therefore, neither the functionality of TrfA-44 nor the dispensability of TrfA-33 could be assessed.
In the present study, we removed the translational start codon of the TrfA-33 protein by oligonucleotide-directed site-specific mutagenesis of the trfA gene. The (26) and in their ability to support DNA replication in vitro (19) . Construction of the trfA-98L mutant permitted an analysis of the importance of trfA's in-frame gene overlap to RK2's plasmid replication, stable maintenance, and conjugational efficiency. This analysis was done with minireplicon derivatives of plasmid RK2 as well as with the intact RK2 plasmid, into which the trfA-98L mutation was introduced by homologous recombination in vivo.
MATERIALS AND METHODS
Bacterial strains. Strains used in this study were E. coli HB101 (F-hsdS recA ara proA lacY galK rpsL xyl mtl supE), E. coli TB1 (hsdR hsdM+ ara Alac-pro strA +80 thi sod lacZAM15), E. coli C2110nal (E. coli C polAl his rha Nalr), E. coli SK383 (dam mutant) from S. Kushner, P. aeruginosa PAO1161 (leu-38 hsdR) from M. Bagdasarian, A. vinelandii uw (ATCC 13705) from C. Kennedy, and Agrobacterium tumefaciens A348nal, a spontaneous nalidixic acid-resistant mutant arising from a strain originally obtained from D. Garfinkel.
Plasmids. pFF1 (13) , shown in Fig. 1 , is a 5.9-kb RK2 minireplicon containing trfA downstream from the constitutive neomycin promoter of TnS, oriV, the HpaII D2 plus B oriT sequence (from D. Guiney), P-lactamase from pBR322 (6) , and chloramphenicol acetyltransferase from pUC9CM (from K. Buckley). pFF1 encodes both the 44-and 33-kDa TrfA proteins, and pFF1-16wt encodes only the 33-kDa TrfA protein. pRD110 (13) (11) .
Analysis of plasmid DNA. Clone analysis DNA was obtained by the alkaline lysis method of Birnboim and Doly (4). Purified plasmid DNA was prepared from E. coli by the BROAD-HOST-RANGE PROPERTIES OF PLASMID RK2 5863 method of Meyer et al. (25) . Agarose gel electrophoresis was performed essentially as described by Maniatis et al. (24) . E. coli was transformed as described previously (9) .
Plasmid copy number determination. Plasmid copy number was determined by hybridization, according to a modified method of Shields et al. (31) . The EcoRI-BamHI oriV fragment of pTJS65 (28) (27) , using a Sequenase (36) kit from U.S. Biochemical Corp. The complementary strand was also sequenced for confirmation.
Western blot analysis. Detection of TrfA protein(s) using polyclonal rabbit antisera has been described previously (12) .
RESULTS
Site-specific mutagenesis of TrfA-33 start codon in an RK2 minireplicon. To construct a mutant trfA gene that specified only the TrfA-44 protein, we performed oligonucleotidedirected site-specific mutagenesis (as described in Fig. 2 (Fig. 4) . The amount of TrfA-44 made by cells containing either pRD110 or pRD110-98L appeared to be equivalent. E. coli cells containing pRD110-98L were transformed successfully with the RK2-oriV plasmid pSV16, confirming the ability of trfA-98L, and therefore the TrfA-44/98L protein alone, to support the replication of an RK2 origin plasmid. pFF1-98L, an RK2 minireplicon carrying the mutant trfA gene, was constructed by ligating the large EcoRI-PstI fragment of pFF1 to the small EcoRI-PstI fragment of pRD110-98L.
Site-specific mutagenesis of TrfA-33 start codon in RK2. In pRD110, pFF1, and the trfA-98L derivatives of these plasmids, the trfA gene is under the control of the constitutive heterologous neomycin promoter. To assess the role of trfA gene overlap under the regulation of its natural promoter, and within the context of other RK2 gene products, we constructed a 98L mutant of RK2.
The trfA-98L mutation was introduced into intact RK2 by homologous recombination in vivo (Fig. 5) , in a strategy similar to those employed by Barth et al. (2) and Shingler and Thomas (33) . E. coli TB1 (polA+ recA+ Strr) containing the plasmid RK2 was transformed with pFF4-98L, a ColEl replicon containing the chloramphenicol acetyltransferase and the promoterless trfA-98L genes. These cells were mated with E. coli C2110nal (polA recA+ Nal9), and transconjugant cointegrates of RK2 and pFF4-98L arising from homologous recombination were selected by using chloramphenicol and nalidixic acid (since ColEl derivatives require DNA polymerase I for replication, the chloramphenicol resistance encoded by pFF4 was most likely to be the result of cointegration with the RK2 replicon). The cointegrate plasmids were then mated back into E. coli TB1 with selection for streptomycin and kanamycin resistance, thereby permitting maintenance of both plasmid products of the resolution of the cointegrates. The E. coli TB1 exconjugate colonies were combined and mated back into C2110nal, using nalidixic acid and kanamycin selection. At this point, the cells constituted a mixed population carrying either resolved RK2 molecules or unresolved cointegrates. Two hours of exposure to cycloserine at 100 ,ug/ml in the presence of chloramphenicol (5) enriched for cells containing resolved molecules (i.e., chloramphenicol-sensitive cells). The cells were subsequently washed and plated onto a kanamycincontaining medium. Chloramphenicol-sensitive colonies were identified by picking onto selective media.
RK2 and pFF4 possess in common the trfA gene and a small portion of the ,-lactamase gene. Since homologous recombination between the plasmids is most likely to occur only in these discrete regions, resolution of cointegrates yielded a mixture of RK2 plasmids containing either wildtype trfA or trfA-98L. RK2-98L was distinguishable by the presence of a new MluI site at the predicted location. Clones were analyzed on kanamycin-resistant chloramphenicol-sensitive colonies, and a single colony carrying the desired mutant was identified from the first 20 colonies analyzed. Thus, the intact RK2 plasmid, as for the minireplicon pFF1, is capable of replication with the 44-kDa TrfA protein alone. nonhomogeneous binding of the radiolabeled probe to lysates of these organisms. Nonetheless, it was noted that the copy number of pFF1-16wt (TrfA-33 only) was markedly decreased relative to either of the other pFFl-derivatives in P. aeruginosa by hybridization (data not shown). This is not surprising in view of the substantially reduced stability of RK2 derivatives producing only the TrfA-33 protein in this host (11, 33) .
In plasmids encoding P-lactamase, the MIC of beta-lactam antibiotics for plasmid-containing cells correlates well with plasmid copy number (41) . The observed MICs of penicillin (for E. coli) or carbenicillin (for other hosts) for bacteria containing the pFF1 or RK2 derivatives (Table 2) were consistent with the copy number measurements by the StfA.SS co.5 44, 33 9,600 RK2-98Lb 44/98L 4,800 a Penicillin was used for E. coli, and carbenicillin was used for the other bacteria. Measurements were made by using E. coli HB101 for pFF1 derivatives and E. coli TB1 for RK2 and RK2-98L.
b For a given plasmid construct, beta-lactam resistance should be proportional to plasmid copy number. However, pFF1 and RK2 derivatives cannot be compared with each other because they encode different P-lactamases with different regulatory sequences and levels of enzymatic activity.
mildly reduced copy number relative to wild type in all four hosts tested. The copy numbers of RK2 and RK2-98L were measured only in E. coli and demonstrated a consistently reduced relative copy number of RK2-98L.
Conjugational efficiency. After conjugal transfer of a plasmid, the recipient cell initially is likely to contain a single plasmid copy which must undergo replication before cell division occurs. Because Western blot analysis suggested that the total TrfA protein levels expressed by RK2-98L were lower than those expressed by wild-type RK2, the possibility was considered that RK2-98L conjugally transfers with reduced efficiency. However, both RK2 and RK2-98L transferred between E. coli strains with high efficiency, resulting in 42 and 55% of potential recipients, respectively, receiving each plasmid after 45 min.
Stability of derivatives of plasmids pFF1 and RK2. Plasmid stability may be influenced by several factors, including copy number, partitioning mechanisms, resolution of multimeric forms, controlled cell division systems, elaboration of bacteriocins, and the ability to conjugally transfer to other cells. In the intact RK2 plasmid, stability, therefore, may be the complex outcome of multiple factors. In the pFF1 minimal replicons, however, stability is essentially a sensitive function of copy number and the proportion of multimeric forms. Since most of the pFF1 copies are monomeric, stable maintenance of the plasmid should be a reflection of replication efficiency. Stability of pFF1 and its derivatives was measured in E. coli, P. aeruginosa, A. tumefaciens, and A. vinelandii. The data are summarized in Table 3 . In P. aeruginosa and A. tumefaciens, pFF1-16wt (TrfA-33 only) was significantly less stable than either pFF1 (TrfA-44 plus (26) , nor in their ability to support DNA replication in vitro (19) .
Third, the introduction of the 98L mutation (which eliminated the synthesis of into the intact RK2 plasmid established that the mutation induces a significant phenotypic change with respect to copy number and the expression of P-lactamase in the intact RK2 plasmid with trfA under the regulation of its native promoter. In concert with the recent observation that massive overproduction of TrfA has only a minor effect on the copy number of RK2 or an RK2-origin plasmid (12) , this result calls into question the validity of current simple models of RK2 copy number regulation at the level of trfA transcription. A simple rate limitation model (37, 39) might have predicted that the introduction of the 98L mutation into intact RK2 would be compensated for by an increase in trfA transcription, keeping plasmid copy number constant. However, no increase in TrfA-44 levels was seen by Western blot analysis, and copy number was reduced by approximately 50%. This suggests at most a twofold increase in trfA expression, under conditions in which the operon would be expected to be maximally derepressed. The altered phenotype of RK2-98L suggests that one reason there is a second in-frame translational start site within the trfA gene is to elevate copy number and consequently increase the expression of antibiotic resistance, at least in E. coli. In fact, the presence of only 1 RK2-98L mutant of 20 resolved cointegrates (Fig. 5) suggests that the loss of the ability to produce TrfA-33 results in a competitive disadvantage for the plasmid. Alternatively, this could reflect nonrandom homologous recombination or preferential recombination in the shared bla region between RK2 and pFF4-98L, which would not result in mutated plasmid products.
The overlapping gene arrangement of trfA has ample precedent in both prokaryotic and eukaryotic organisms (21) and for a variety of apparent reasons. The earliest recognized example among prokaryotes occurs in the replication genes A and A* of the related bacteriophages G4 and OX174 (23) . In this instance, gene overlap is felt to increase the coding capacity of a small genome with a constraint on size. Proteins II and X of the bacteriophages M13 and fl share similar functions with A and A*, and possess an overlapping arrangement as well (42) . Gene overlap may also permit the coordinate regulation of related gene products with common binding sites but differing functions, such as prohead assembly genes C and Nu3 of the bacteriophage lambda (29) , the gene 4 products of bacteriophage T7 (3), and the proteins 1 and 2 of transposon TnS (18) . In P. aeruginosa, the in-frame overlapping arrangement of the plcR gene is thought to allow differential cellular compartmentalization of the protein products (30) . In other cases, the reason for gene overlap is simply not known (8, 35) .
It is striking that at least four known examples of in-frame gene overlap have been described in broad-host-range plasmids. The IncQ plasmid RSF1010 has overlapping genes encoding two RepB proteins of 38 and 70 kDa, thought to possess primase activity (1) . In addition to the trfA gene, the plasmid RK2 has two other known in-frame overlapping genes: incC, a function thought to be important in replication control and the expression of incompatibility with other RK2 replicons, which encodes 25-and 38-kDa protein products (38) ; and the RK2 pri gene, which encodes 80-and 118-kDa proteins with primase activity and is involved in plasmid conjugation (22 
